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ABSTRACT 
Four rice genotypes, two hybrid and two indica, were selected to investigate the 
effects of silicate (Si) application on arsenic (As) accumulation and speciation in rice 
and As fractionation in soil. There were significant differences in root, straw and grain 
biomass between genotypes (p<0.05), and Si application significantly increased root 
(p<0.05) and grain biomass (p<0.001). Silicate addition reduced the proportion of As 
associated with well-crystallized hydrous oxides of Fe and Al and residual phases, 
whilst increasing the proportions of specifically-sorbed As and As associated with 
amorphous and poorly-crystalline Fe and Al hydrous oxides. Furthermore, the results 
indicated that the fraction proportions of non-specifically sorbed, specifically-sorbed, 
and associated with amorphous and poorly-crystalline hydrous oxides of Fe and Al in 
rhizosphere soils, were greater than non-rhizosphere soils. Silicate application had a 
significant effect decreasing total As concentrations in root (p<0.005), straw (p<0.05) 
and husk (p<0.001) of rice plants. The effect of Si on reducing As accumulation in 
rice leaves was revealed by SXRF.  Indica genotypes transported and accumulated 
less As than hybrid genotypes. Both percentage and concentration of iAs were lower 
in indica genotype XFY-9 than in hybrid genotype XWX-12. Silicate reduced iAs and 
DMA by 21% and 58% respectively in polished grain. DMA may have a greater 
translocation capacity from straw to polished grain than inorganic As. The study 
provides the potential for understanding As uptake mechanisms in rice and mitigating 
the health risks posed by As contamination in paddy fields. 
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1. Introduction 
Chronic and acute arsenic (As) exposure from either drinking water or the food 
chain has resulted in adverse health impacts such as cancers, neurological and 
cardiovascular diseases (Stone et al., 2008; Guo et al., 2009; Martinez et al., 2011). 
Irrigation of paddy fields with As-rich groundwater and mining activities have caused 
serious contamination of paddy soils (Huang et al., 2006; Wang et al., 2015; Xue et al., 
2016). Liao et al (2005) reported that As concentrations in rice grain grown in 
As-contaminated soils reached 7.5 mg/kg. Generally, rice is cultivated in flooded 
paddy soils (Meharg et al., 2012; Pan et al., 2014). Under anaerobic conditions, the 
mobilization and bioavailability of As is greatly elevated, as large concentrations of 
As are released into pore-waters due to the reductive dissolution of Fe (hydr)oxides 
regulated by iron-reducing bacteria, and arsenate (As(V)) reduction to arsenite 
(As(III)), which is less sorbed (Roberts et al., 2011; Stroud et al., 2011; Peng et al., 
2016). In addition, As(III) uptake and accumulation is more efficient in rice compared 
to other crops due to As(III) translocation occurring through a strong silicon uptake 
pathway (Su et al., 2010; Zhao et al., 2013; Pan et al., 2014), thereby resulting in 
greater As concentrations in rice grain (Zhu et al., 2008a,b). Studies have also shown 
that rice consumption is a major source of inorganic As (iAs) in the human diet 
(Meharg et al., 2009; Jia et al., 2012; Su et al., 2010). 
Owing to the differences in toxicity and mobility of As species, total As 
concentrations are insufficient to indicate As bioavailability and toxicity in soils 
(Huang et al., 2015). Arsenic mobility, bioavailability, and toxicity largely depends on 
the chemical forms and types of binding (Novoa et al., 2007; Yang et al., 2016). In 
order to understand the bioavailability and toxicity of As to rice plants, As 
fractionation in soils must be understood (Li et al., 2007); this can be accomplished by 
  
using different extraction reagents, such as with sequential extraction procedures, to 
determine the chemical forms of As in soils (Wu et al., 2015). These procedures can 
also be used to predict changes in As mobility from various solid phases following 
amendment additions such as silicon (Si) (Wenzel et al., 2001).  
Numerous studies have shown that silicate (Si) application not only increases 
rice yield, but also suppresses uptake and accumulation of As in rice grains, though Si 
was not considered as an essential element of rice (Li et al., 2009a; Seyfferth and 
Fendorf, 2012; Fleck et al., 2013). In flooded soils, rice is inherently efficient at 
taking up and transferring As(III) (Su et al., 2010) due to the translocation of As(III) 
into rice via silicon transport systems (transporters Lis1 and Lsi 2) as a silicon acid 
analogue (Ma et al., 2006,2008; Chen et al., 2012). Transporter Lis1 acts as a major 
uptake channel for As(III) in rice plants and Lsi 2 plays an essential role in mediating 
As(III) translocation to shoots and subsequent accumulation in the grains (Ma et al., 
2006, 2008). Consequently competition for uptake and translocation between Si and 
As(III) occurs, and hydroponic experiments have demonstrated that addition of Si 
reduced As uptake and accumulation in rice (Guo et al., 2005,2007; Tripathi et al., 
2013).  Fleck et al (2013) reported that Si application reduced As concentrations by 
22% in brown and polished rice grains by suppressing As(III) transport. Li et al 
(2009a) revealed that Si addition reduced iAs concentrations by 59% and increased 
DMA concentrations by 39% in rice grains. However, due to similar physicochemical 
properties, Si may also compete against As(III) for retention sites on soil minerals. It 
was found that silicate reduced arsenite adsorption rates and competed for adsorption 
sites, thus increasing As concentrations in soil solutions (Luxton et al., 2008; Lee et 
al., 2014). 
The present study aimed to investigate the effect of Si on As mobility and 
  
bioavailability to rice with different radial oxygen loss (ROL) rates in rhizosphere and 
non-rhizosphere soils and to determine the effect of Si on As fractionation in soil, As 
uptake, translocation and speciation in rice plants. 
         
2. Materials and methods 
2.1 Materials 
Pot experiments were conducted with four rice genotypes, comprising of hybrid 
genotypes Xiangfengyou 9 (‘XFY-9’) and T-you207 (‘TY-207’) and indica subspecies 
Xiangwanxian 17 (‘XWX-17’) and Xiangwanxian 12 (‘XWX-12’) which were 
obtained from Hunan Agricultural University. The four rice genotypes ROL values are 
as follows, 9.55, 15.41, 19.76 and 27.00 umol O2 g
-1 root dry weight h-1 respectively 
(Wu et al., 2015). Rice seeds were sterilized (30% H2O2) for 15 min, and then 
thoroughly washed with deionized water. They were then germinated in petri dishes 
containing moist filter paper for three days. Subsequently the seedlings were 
cultivated in Kimura B nutrient solution for two weeks. 
The soils used in this investigation were obtained from a paddy field (1-20cm 
depth) located at the Central South University, China. The soils had a sandy texture, a 
pH of 6.6 and contained 9.4 mg/kg pseudo-total As. After being air-dried at room 
temperature, the soils were ground and sieved (< 2 mm). Basal fertilizers were added 
to soils and mixed thoroughly (P as CaH2PO4 
. H2O at 0.15 g/kg P2O5, K as KCl at 0.2 
g/kg K2O, and N as CO (NH2)2 at 0.2 g/kg N) (Wu et al., 2011).  
 
 
 
 
  
2.2 Pot trail under waterlogged conditions 
Soils were supplied with arsenate solution (Na2HAsO4·12H2O) at 60 mg As/kg. 
Silicon was added as a silica gel which provided a sparingly soluble source of Si for 
rice growth (Seyfferth and Fendorf, 2012). Treatments were conducted as follows:  
Control: no As or Si  
Treatment A: 60 mg/kg As only, no Si (Si0)  
Treatment B: 60 mg/kg As and 10mg/kg Si (Si10) 
Treatment C: 60 mg/kg As and 20mg/kg Si (Si20)  
Treatment D: 60 mg/kg As and 40mg/kg Si (Si40).  
Soils were mixed and allowed to equilibrate for two weeks, and the seedlings were 
subsequently transplanted into polyethylene pots (20 cm diameter, 20 cm high) filled 
with 3.5 kg of the treated soils. All treatments were carried out in triplicate. 
Following planting, soils were saturated with water and the water level was 
maintained 2-3cm above the soil surface until harvest. Pot experiments were 
performed in the greenhouse with controlled temperature (20/25 ℃, night/day) and 
relative humidity (70%). Natural sunlight was supplemented with sodium light (1200 
Lux), providing a light period of 12 h per day. After maturity the rice plants were 
harvested and subsequently separated into polished grain, husks, straw and roots. The 
straw harvested from below the water level was discarded due to contamination by the 
irrigation water. Plant tissues were washed with tap water and then with deionized 
water. From the plant tissues subsamples were collected and freeze-dried at -20 ℃ in 
order to preserve the As species prior to determination and the remaining samples 
were oven-dried at 70℃ for total analysis. Biomass (dry weight) was also determined 
for root, straw and grain. 
 
  
2.3 Sequential extraction of As  
After harvest, rhizosphere and non-rhizosphere soils were collected to determine 
As fractionation using the sequential extraction procedure described by Wenzel et al 
(2011).  Soil samples (1.0 g) were weighted into 50 ml centrifuge tubes and 25 ml of 
each extracting reagent was added sequentially. The sequential extraction processes 
involved five stages as follows:  
1) 0.05 mol/L (NH4)2SO4 at 20 °C for 4 h;  
2) 0.05 mol/L NH4H2PO4 at 20 °C for 16 h;  
3) 0.2 mol/L NH4+-oxalate buffer in the dark at pH 3.25 and 20 °C for 4 h;  
4) 0.2 mol/L NH4
+-oxalate buffer + ascorbic acid at pH 3.25 and 96 °C for 0.5 h;  
5) HNO3/H2O2 with microwave digestion.  
Following each extraction stage, solutions were centrifuged for 15 min at 1700g and 
the supernatant was filtered through 0.45 μm filters. The soils were then washed with 
deionized water (25 ml) and centrifuged prior to the next extraction stage, washings 
were discarded. Arsenic concentrations in the filtered supernatants were determined as 
described in section 2.4.  Samples were analyzed in duplicate.  The As fractions 
extracted were associated with the following adsorption sites: 1) non-specifically 
sorbed (F1); 2) specifically-sorbed (F2); 3) associated with amorphous and 
poorly-crystalline hydrous oxides of Fe and Al (F3); 4) associated with 
well-crystallized hydrous oxides of Fe and Al (F4); 5) residual phase (F5). 
 
2.4 Plant analysis for total As 
All plant samples for total As analysis were ground to fine powders using a 
stainless steel mechanical mill. Samples (0.5 g) were weighed and digested overnight 
at room temperature with 5 mL HNO3 (65%). The digestion was performed on an 
  
electric hot plate at 120℃ until the solution became clear. After digestion, the solution 
was filtered (0.45 μm) and diluted to 20 ml with deionized water in volumetric tubes. 
The total As concentrations were determined by HG-AFS (AFS-8230, Beijing Jitian 
Instruments Co., China) (Wu et al., 2016). A certified reference material, bush 
branches and leaves, GBW07603, was used to confirm recovery of the digestion 
methods. 
At harvest, SXRF microprobe experiments were performed to determine the 
effects of Si application on As accumulation in rice leaves, performed at beamline 
LU15 at the Shanghai Institute of Applied Physics, Chinese Academy of Science. 
Incident X-rays of 8.1 keV were used to excite elements from leaf samples, which had 
been placed in liquid nitrogen immediately after cutting from the live plant (Zheng et 
al., 2011; Zhu et al., 2016). 
 
2.5 As speciation in rice plants 
Plant samples for As speciation were ground under liquid N2 to avoid changes to 
As species (Zhu et al., 2008b). Samples (0.1g) were extracted with 20 ml 0.28M nitric 
acid placed on heating blocks at 95 ℃ for 90 min in centrifuge tubes (50 ml). 
Following centrifugation at 5000r/min (10 min), samples were filtered (0.22 μm) and 
the extracts were determined by HPLC-HG-AFS (HPLC, Shimadzu LC-15C Suzhou 
Instruments Co., China; HG-AFS, AFS-8230, Beijing Jitian Instruments Co., China) 
(Zhu et al., 2008b; Shi et al., 2013). 
 
2.6 Data analysis    
Analysis of variance were determined by the statistical package SPSS 19.0 and 
all figures were created using the scientific graphing and data analysis software Origin 
  
8.0 (OriginLab Corporation, USA). 
 
3. Results 
3.1 The effect of Si on plant growth 
Biomass of root, straw and grain from the different treatments are presented in 
Fig. 1. There were significant differences in root (p<0.05), straw (p<0.001) and grain 
biomass (p<0.001) between genotypes. Silicon application significantly increased root 
(p<0.05) and grain biomass (p<0.001). Root biomass of plants varied from 9.25 g/pot 
to 15.8 g/pot in control treatments. Compared to Si0, Si increased root biomass of the 
hybrid genotypes (XFY-9 and TY-207) by 27% and 49% respectively and indica 
genotypes (XWX-17 and XWX-12) by 1% and 7% respectively. Greatest root 
biomass was observed from genotypes TY-207 and XWX-17 grown in Si20 treatment 
and genotypes XFY-9 and XWX-12 grown in Si40 treatment. Compared to Si0 
treatment, Si increased straw biomass of the hybrid genotypes (XFY-9 and TY-207) 
by 22% and 27% respectively and the indica genotypes (XWX-17 and XWX-12) by 
1% and 24% respectively; greatest straw biomass was observed in genotypes XFY-9 
and TY-207 grown in Si20 treatment and genotypes XWX-12 and XWX-17 in Si40 
treatment. Grain biomass of plants varied from 6.4 g/pot to 14.8 g/pot in control 
treatments. Compared to Si0 treatments, Si increased grain biomass of the hybrid 
genotypes (XFY-9 and TY-207) by 60% and 58% respectively and the indica 
genotypes (XWX-17 and XWX-12) by 52% respectively; Greatest grain biomass was 
observed in genotype TY-207 grown in Si20 treatment and genotypes XFY-9, 
XWX-12 and XWX-17 in Si40 treatments.  
 
 
  
3.2 The effect of Si on As fractionation in soils 
Figure 2 shows the relative distribution of As in rhizosphere soils with different 
Si treatments. Concentrations of the five fractions were ranked as: F3 > F2 > F4 > 
F5 > F1 for all treatments. There was no significant genotypic difference between As 
fractions. Silicon addition may have reduced the concentrations of F4 and F5 fractions, 
whilst increasing the As fractions associated with F2 and F3 (Fig 2). With the 
exception of Si40, the other Si treatments increased As concentrations in the F1 
fraction compared to Si0.  
Arsenic fractionation in non-rhizosphere soils is presented in Fig 2. The five 
fractions displayed a similar order with rhizosphere soils. Results indicated that F5 
and F4 fractions in non-rhizosphere soils were much higher than rhizosphere soils in 
the same treatment (Fig. 2). Fractions F1, F2 and F3 in non-rhizosphere soils were 
also lower than rhizosphere soils. With increasing Si, the concentrations of fraction F5 
decreased in all four genotypes. Silicon application increased the concentrations of the 
F2 and F3 fractions. In Si0 treatment, fraction F3 in non-rhizosphere soils for all 
genotypes with lower ROL was greater than genotypes with higher ROL, whilst the 
F4 fraction presented the opposite trend.  
 
3.3 The effect of Si on total As in rice plants 
Total As concentrations in rice plants grown in control treatments were below the 
detection limit. Significant genotypic differences were observed for total As of roots 
(p<0.05), husks (p<0.01) and polished grains (p<0.001). Silicon application had a 
significant effect by decreasing total As concentrations in roots (p<0.005), straw 
(p<0.05) and husks (p<0.001) of rice plants (Table 1). Total As concentrations in roots 
varied from 488 mg/kg to 946 mg/kg, with the highest total As concentrations in Si0 
  
treatment of genotype XWX-12 and the lowest in Si40 treatment of genotype TY207. 
Overall Si treatments reduced total As concentrations in roots by approximately 32%. 
Genotype XWX-17 displayed the lowest total As concentrations in straw, 7.24 mg/kg 
in Si40 treatment, and genotype XWX-12 showed the greatest concentration, 
12.8mg/kg, grown in Si0 treatment. Application of Si reduced total As concentrations 
in straw by approximately 25%.  
Polished grain As concentrations of indica genotypes were significantly lower 
than hybrid genotypes grown in the same treatments (P<0.001). Genotype XWX-12 
(1.63±0.08mg/kg) and XFY-9 (2.73±0.22mg/kg) produced the lowest and greatest As 
concentrations in control treatments respectively. The results indicated that the indica 
genotypes transported and accumulated less As than the hybrid genotypes. Polished 
grain As concentrations varied from 0.94 mg/kg to 2.73 mg/kg, and the lowest 
polished grain As concentration was observed in Si40 treatment of genotype XWX-12. 
Silicon application clearly affected the translocation capability (Figure 3). With 
increasing straw As concentrations, As slightly decreased in polished grain. With 
increasing Si concentrations, translocation of As from straw to grain increased, with 
As concentration in polished grains almost having no change in Si40 treatment 
regardless of increasing straw As (Figure 3).   
 
3.4 The effect of Si on As localization in rice leaves 
SXRF imaging (Fig 4a and 4b) demonstrated that the main leaf veins contained 
high As signals, stronger intensities and larger As signals in plants grown with no Si 
(Fig 3a) compared to those with Si addition (Fig 3b). SXRF imaging indicated that Si 
addition reduced As accumulation in leaves and reduced the translocation of As from 
straw to leaves.   
  
 
 
3.5 The effect of Si on As speciation in rice plants 
Owing to possible conversion of arsenite to arsenate, the concentrations of 
inorganic As (iAs) were adopted to represent the concentrations of As(III) and As(V) 
(Wu et al., 2015).  Inorganic As (78%-91%) was the predominant As species in rice 
straw (Table 2). The proportion of iAs in hybrid genotype XFY-9 was greater than 
genotype indica XWX-12 with the exception of Si20 treatment. Silicon decreased iAs 
concentrations in rice straw by 8%-60%. With increasing Si, DMA concentrations in 
XFY-9 increased initially, but then decreased, whilst in XWX-12, DMA 
concentrations reduced. The main As species in rice husk were iAs (22%-43%) and 
DMA (56%-77%) (Table 3). MMA accounted for approximately 1% of total As. 
Silicon addition decreased both iAs and DMA concentrations by 55% and 43% 
respectively. Table 4 presents the As species in rice grains grown in the different 
treatments; MMA concentration was not detected. DMA was the dominant As species 
representing 90.9% - 95.4%, whilst iAs contributed between 4.6% - 9.1%. The 
percentage and concentrations of iAs in hybrid genotype XFY-9 were both greater 
than indica genotype XWX-12 (Figure 5). Figure 5 indicated that DMA may have 
greater translocation capacity than iAs from straw to polished grain. In polished grain, 
Si reduced iAs and DMA by 21% and 58% respectively (Table 4).  
 
4. Discussion  
It is already well understood that Si application exerts beneficial effects on plant 
growth and yield by enhancing resistance to both biotic and abiotic stresses (Ma et al., 
2006). Silicon can also alleviate the toxicity of contaminants such as As in rice (Fleck 
  
et al., 2013). The beneficial effects of Si on plant growth have been observed in 
previous studies by Li et al (2009a) and Fleck et al (2013) who reported that Si 
addition increased rice straw and grain yields. Results from this investigation have 
demonstrated that Si application significantly increased root (p<0.05) and grain 
biomass (p<0.001) (Figure 1).         
Studies have also demonstrated that Si application increased As concentrations in 
soil solution (Bogdan et al., 2008; Seyfferth and Fendorf, 2012; Fleck et al., 2013; Liu 
et al., 2014; Lee et al., 2014). Liu et al (2014) and Lee et al (2014) both indicated that 
it may be due to Si and As competing for similar adsorption sites on soil minerals, but 
the definite mechanism remained elusive. Previous studies have also reported that As 
is primarily associated with amorphous and poorly-crystalline hydrous oxides of Fe 
and Al and with well-crystallized hydrous oxides of Fe and Al (Wenzel et al., 2001; 
Smith et al., 2008); this was observed in this study regardless of rhizosphere or 
non-rhizosphere soil type (Figure 2). Our results demonstrated that Si application 
increased both the non-specifically and specifically sorbed (p<0.01) fractions of As 
but reduced the amorphous and poorly-crystalline hydrous oxides of Fe and Al, 
well-crystallized hydrous oxides of Fe and Al (P<0.05) and residual fraction in 
rhizosphere soils (Table 1). Increases in non-specifically sorbed, specifically sorbed 
and amorphous and poorly crystalline hydrous oxides of Fe and Al fractions of As and 
reductions in well-crystallized hydrous oxides of Fe and Al and residual fractions 
were observed in non-rhizosphere soils. Non-specifically sorbed, specifically sorbed 
and amorphous and poorly crystalline hydrous oxides of Fe and Al fractions of As are 
considered to constitute the main proportion of bioaccessible As.  The fraction 
associated with amorphous and poorly-crystalline hydrous oxides of Fe and Al is the 
key factor controlling the bioaccessibility of As (Tang et al., 2007; Smith et al., 2008), 
  
with well-crystallized hydrous oxides of Fe and Al and residual fractions being 
relatively stable and less bioavailable (Wenzel et al., 2001). Results from this 
investigation show that both Si and the rhizosphere environment have an effect on As 
fractionation. Indeed, Si application not only redistributed As, but it also increased its 
bioaccessibility and concentrations in the soil solution.  
The sequential extraction results also revealed that there were differences in As 
fractions (non-specifically sorbed and amorphous and poorly-crystalline hydrous 
oxides of Fe and Al) between rhizosphere and non-rhizosphere soils. In rhizosphere 
soils non-specifically sorbed and amorphous and poorly-crystalline hydrous oxides of 
Fe and Al fractions of As were greater than those in non-rhizosphere soils, whilst for 
non-rhizosphere soils As concentrations were greater in specifically-sorbed, 
well-crystallized hydrous oxides of Fe and Al and residual fractions (Fig 4). Studies 
have demonstrated that ROL has profound influences on the rhizosphere environment 
including contaminant mobility (Wu et al., 2011, 2016). For example, Wu et al (2015) 
reported that root oxygenation greatly affected As mobility in soils whilst oxygenation 
followed by ROL contributed to the co-precipitation of Fe and heavy metals (Comer 
et al., 2003), increasing As in the amorphous and poorly-crystalline hydrous oxides of 
Fe and Al fraction in rhizosphere soils. In addition, the residual fraction which is 
associated with recalcitrant materials like sulfides (FeAsS) and organic matter (Huang 
et al., 2015), may become oxygenated by plant roots and microbial activity thereby 
converting Fe2+ to Fe3+ (Mei et al., 2009). Ferric iron may accelerate the 
oxidation-dissolution reaction of arsenic-bearing minerals such as arsenopyrite and 
arsenian pyrite, which may result in formation of FeAsO4
.2H2O (Forest et al., 1977: 
  
Sanchez et al., 2003); this may increase As in amorphous and poorly-crystalline 
hydrous oxides of Fe and Al fraction but reduce the residual fraction. In addition, 
oxidation by rice roots may stimulate microbial activity in rhizosphere soils, thereby 
further influencing As behavior (Jia et al., 2014).      
In anoxic environments such as waterlogged paddy soils, the majority of As is 
present as As(III) (Takahashi et al., 2004; Xu et al., 2008; Pan et al., 2014). As a 
silicic acid analogue, As(III) efficiently enters into rice roots by sharing the Si 
transport pathway (Ma et al., 2008). Competition for uptake and translocation 
between Si and As may therefore occur in rice plants (Lee et al., 2014). Our results 
indicated that adding Si reduced As concentrations in rice roots (p<0.005), straw 
(p<0.05), husks (p<0.001) and grain (Table 2). This was in agreement with previous 
studies, showing that Si addition significantly reduced As concentrations in rice roots 
and shoots grown in solution cultures ((Guo et al., 2005, 2007; Tripathi et al., 2013). 
Fleck et al (2013) reported that Si application limited As(III) uptake and translocation 
into shoots and subsequent transportation into grain. Arsenic concentrations in straw, 
flag leaves, and husks were reduced by half while As concentrations in brown and 
polished rice were reduced by 22%. Seyfferth and Fendorf (2012) also reported that 
silica gel applied to soil decreased straw and grain As concentrations in rice plants. 
Bogdan and Schenk (2008) discovered a negative correlation between dissolved Si 
concentrations in soil solution and As concentrations in rice straw and grain. Similarly, 
Li et al (2009a) found that Si addition decreased straw and grain As concentrations by 
78% and 16% respectively. However the above studies revealed that Si application 
increased As concentrations in the soil solution due to competition between Si and As 
for soil absorption sites and the suppressing effect of Si on As accumulation was 
observed in rice plants (Li et al., 2009a; Seyfferth and Fendorf, 2012; Fleck et al., 
  
2013). This was similar to studies by Liu et al (2014) who reported that Si increased 
As(III) concentrations in soil solution but decreased the As(III) accumulation in rice 
plants. Our sequential extraction results also indicated that Si application enhanced As 
bioavailability and mobility in the soil solution, and this effect was much smaller than 
the inhibitory effect of Si on As uptake in rice plants. In addition, there were 
significant genotypic effects on As concentrations in rice roots (p<0.05), husks 
(p<0.01) and grains (p<0.001) (Table 2). Indica genotypes, with higher ROL, 
accumulated lower As concentrations than hybrid genotypes with lower ROL. Rice 
plants with higher ROL induced extra iron plaque formation, which subsequently 
sequestered more As and resulted in less As accumulation in above-ground tissues 
(Mei et al., 2012; Wu et al., 2016).        
Previous studies have indicated that there is a genotypic difference in As 
speciation in rice (Mei et al., 2009; Wu et al., 2011). Previous studies have shown that 
the predominant As species presented in rice straw is inorganic As (Zavala et al.,2008; 
Zheng et al., 2011), which corresponds with our results. Arsenic speciation is greatly 
affected by the soil environment and under waterlogged conditions As(III) has been 
identified as the main species presented with DMA at much lower concentrations 
(Takahashi et al., 2004; Xu et al., 2008; Smith et al.,2008). In addition, Abedin et al 
(2002) reported a greater affinity for inorganic As than organic As forms in rice, and 
this may explain the reason why inorganic As accounted for the majority of total As 
in rice straw. The results from this study have demonstrated that As speciation 
differed between genotypes and this may be the result of variation in root uptake or 
internal translocation efficiency of different As species within different genotypes 
(Zhao et al., 2013a; Wu et al., 2016). Additionally, differences in translocation 
efficiency of both iAs and DMA between the two genotypes also confirmed this 
  
assumption. Numerous studies have reported that DMA is the dominant As species in 
grain (Smith et al.,2008; Zheng et al., 2013; Syu et al., 2015). Zheng et al (2013) 
showed that DMA has greater mobility than inorganic As in both xylem and phloem, 
and DMA was inclined to accumulate in the caryopsis whilst inorganic As was mainly 
sequestered in vegetative tissues; Carey et al (2011) reported that DMA was easily 
transported into rice grain. As the predominant species in paddy soils (Pan et al., 
2014), As(III) is a silicic acid analogue and is assimilated via silicic acid transporters 
Lsi 1 and Lsi 2 (Ma et al., 2008; Chen et al., 2012). Rice aquaporin Lsi 1 was also 
considered to mediate the uptake of DMA and MMA in rice plants (Li et al., 2009b), 
and therefore Si application may suppress As(III) uptake due to competition with Si 
for transport pathways especially Lsi 2 (Ma et al., 2008). Similarly, competition 
between DMA and Si for transporters may decrease DMA accumulated in grain and 
Li et al (2009b) reported that mutation of Lsi 1 reduced DMA uptake by 
approximately 50% in rice plants. In addition, Si application reduced the expression 
of transporters Lsi 1 and Lsi 2 (Ma et al., 2006, 2007).  Li et al (2009a) and Liu et al 
(2014) found the Si addition increased the DMA concentration in rice grain and 
reproductive tissues of rice whilst Fleck et al (2013) reported that Si application did 
not affect the DMA content in polished rice. Zhao et al (2013a) demonstrated that As 
speciation in grain was primarily due to environmental variation, whilst the presence 
of methylated As species in grain was dependent on soil microbial activities and 
communities as well as soil type (Zhao et al., 2013b). 
 
 
 
 
  
5. Conclusion 
Greenhouse experiments were conducted to investigate the effects of Si 
application on plant growth, As fractionation in soil, and As accumulation and 
speciation in four rice genotypes (hybrid genotypes XFY-9 and TY-207, and indica 
subspecies XWX-17 and XWX-12) possessing different radial oxygen loss rates. 
There were significant differences in root (P<0.05), straw (P<0.001) and grain 
(P<0.001) biomass between genotypes, and Si application significantly increased root 
(P<0.05) and grain biomass (P<0.001). The sequential extraction procedure 
demonstrated that there were no significant genotypic differences between As 
fractions. However, Si addition reduced the proportion of As associated with 
well-crystallized hydrous oxides of Fe and Al and residual phases, whilst increasing 
the proportion of specifically-sorbed As and As associated with amorphous and 
poorly- crystalline hydrous oxides of Fe and Al.  Additionally, the results indicated 
that the proportion of As associated with well-crystallized hydrous oxides of Fe and 
Al and residual phases in non-rhizosphere soils were much greater than rhizosphere 
soils with the same treatment. Significant genotypic differences were observed for 
total As in roots (P<0.05), husks (P<0.01) and polished grains (P<0.001). Silicon 
application had a significant effect by reducing total As concentrations in root 
(P<0.005), straw (P<0.05) and husk (P<0.001) of rice plants. SXRF revealed the 
effects of Si on decreasing As accumulation in rice leaves. Indica genotypes 
transported and accumulated less As and iAs than hybrid genotypes. DMA may have 
greater translocation capacity from straw to grain than iAs. Silicon reduced iAs and 
DMA by 21% and 58% in rice grains respectively. The study has the potential for 
further enhancing the understanding of As uptake mechanisms in rice and mitigating 
the health risks posed by As contamination in paddy fields. 
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Table 1 Total As concentrations of four rice genotypes subjected to different treatments 
Genotypes Treatments Root Straw Husk Grain 
XFY-9 Si-0 900±52.2 11.3±1.49 5.84±2.40 2.73±0.22 
Si-10 783±144 10.3±1.10 4.35±1.17 1.68±0.63 
Si-20 799±192 9.91±2.10 3.06±1.14 1.80±0.07 
Si-40 631±46.7 9.66±1.56 3.32±1.87 1.65±0.52 
TY-207 Si-0 753±234 11.6±2.00 5.27±2.16 2.42±0.05 
Si-10 661±31.9 9.05±1.79 3.56±1.50 2.26±1.32 
Si-20 535±126 8.48±2.40 4.79±1.13 2.34±0.75 
Si-40 488±144 9.99±2.33 5.45±0.40 1.45±0.24 
XWX-17 Si-0 692±145 11.1±3.62 6.79±1.57 1.70±0.12 
Si-10 834±113 9.85±1.48 3.22±0.75 1.39±0.71 
Si-20 709±144 8.62±1.42 3.51±0.93 2.03±0.43 
Si-40 583±154 7.24±0.98 2.95±1.58 1.41±0.59 
XWX-12 Si-0 946±135 12.8±1.94 4.19±1.10 1.63±0.08 
Si-10 816±273 8.39±1.25 2.78±0.95 1.04±0.13 
Si-20 772±104 9.07±1.84 2.02±0.69 1.21±0.35 
Si-40 677±141 11.8±3.82 1.89±0.26 0.94±0.47 
Analysis of variance     
Genotype(G) P<0.05 NS P<0.01 P<0.001 
Si  P<0.005 P<0.05 P<0.001 NS 
G×Si  NS* NS NS NS 
  
Table 2 Proportions of As species in rice straws subjected to different treatments 
Genotype Treatment 
Total As 
(mg/kg) 
iAs 
(mg/kg) 
DMA 
(mg/kg) 
MMA 
(mg/kg) 
iAS (%) 
Recovery
(%) 
XFY-9 Si-0 11.3±1.49 13.6±3.99 1.04±0.15 0.25±0.02 91 132 
Si-10 10.3±1.10 12.0±0.57 1.19±0.21 0.31±0.03 89 131 
Si-20 9.91±2.10 8.50±3.05 2.01±0.35 0.37±0.17 78 110 
Si-40 9.66±1.56 5.46±2.13 0.89±0.48 0.04±0.02 85 66 
XWX-12 Si-0 12.8±1.94 12.3±0.70 2.28±0.09 0.31±0.04 83 116 
Si-10 8.39±1.25 8.96±2.52 1.85±0.29 0.28±0.09 81 132 
Si-20 9.08±1.84 8.82±1.71 1.35±0.51 0.17±0.04 85 114 
Si-40 11.8±3.82 9.20±2.76 1.14±0.26 0.13±0.06 78 96 
 
 
 
 
 
 
 
 
 
 
 
  
Table 3 Proportions of As species in rice husks subjected to different treatments 
Genotype Treatment 
Total As 
(mg/kg) 
iAs 
(mg/kg) 
DMA 
(mg/kg) 
MMA 
(mg/kg) 
iAs  
(%) 
Recovery 
(%) 
XFY-9 Si-0 5.84±2.40 1.41±0.056 1.86±0.19 0.047±0.009 43 57 
Si-10 4.35±1.17 0.958±0.133 1.61±0.25 0.033±0.003 37 60 
Si-20 3.06±1.14 0.635±0.058 1.59±0.11 0.045±0.015 28 74 
Si-40 3.32±1.87 0.632±0.265 1.36±0.53 0.031±0.020 31 61 
XWX-12   Si-0 4.19±1.10 1.20±0.070 3.07±0.65 0.073±0.008 28 104 
Si-10 2.78±0.95 0.716±0.149 2.45±0.32 0.038±0.011 22 115 
Si-20 2.02±0.69 0.633±0.030 2.19±0.71 0.031±0.015 22 141 
    Si-40 1.89±0.26 0.538±0.068 1.72±0.75 0.025±0.023 24 121 
 
 
 
 
 
 
 
 
 
 
 
  
Table 4 Proportions of As species in rice grains subjected to different treatments 
Genotype Treatment 
Total As 
(mg/kg) 
iAs 
(mg/kg) 
DMA 
(mg/kg) 
MMA 
(mg/kg) 
iAs 
(%) 
Recovery 
(%) 
XFY-9 Si-0 2.73±0.22 0.235±0.023 2.4±0.28  ND* 8.9 97 
Si-10 1.68±0.63 0.207±0.026 2.08±0.62  ND 9.1 136 
Si-20 1.80±0.07 0.211±0.023 2.12±0.23  ND 9.1 130 
Si-40 1.65±0.52 0.198±0.026 2.04±0.74  ND 8.9 136 
XWX-12 Si-0 1.63±0.08 0.094±0.015 1.93±0.77  ND 4.6 124 
Si-10 1.04±0.13 0.074±0.012 1.27±0.15  ND 5.5 129 
Si-20 1.21±0.35 0.107±0.016 1.29±0.34  ND 7.7 115 
Si-40 0.94±0.47 0.076±0.011 0.82±0.25  ND 8.5 95 
*Not detectable 
 
 
 
 
 
 
 
 
 
 
  
Figure captions 
Fig. 1. Biomass of roots, straws and grains in rice plants of four genotypes in 
different treatments（mg/kg, mean ± SD） 
Fig. 2. Arsenic fractionation in rhizosphere and non-rhizosphere soils in different 
treatments and different genotypes (a, XFY-9; b, Y-207; c, XWX-17; d, XWX-12). 
Fig. 3. The relationship between As concentration in straw and grain in rice 
plants of four genotypes in different Si treatments. 
Fig. 4. Synchrotron X-ray fluorescence (SXRF) images of As distribution in the 
leaves of rice (Oryza sativa) plants of XFY-12 genotypes in control treatments (a) and 
Si20 treatments (b). The emission intensity of each pixel was normalized using the 
beam intensity as a reference. The figure shows a leaf section (left) and As signals in 
SXRF images (right). Note that high As signals coincided with the veins shown in the 
leaf section. 
Fig. 5. The relationship between iAs (a) and DMA (b) concentrations in rice 
straw with the concentrations in rice grains of two genotypes. 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Biomass of roots, straws and grains in rice plants of four genotypes in 
different treatments（mg/kg, mean ± SD） 
  
 
 
Fig. 2. Arsenic fractionation in rhizosphere and non-rhizosphere soils in different 
treatments and different genotypes (a, XFY-9; b, Y-207; c, XWX-17; d, XWX-12). 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
Fig. 3. The relationship between As concentration in straw and grain in rice 
plants of four genotypes in different Si treatments. 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Synchrotron X-ray fluorescence (SXRF) images of As distribution in the 
leaves of rice (Oryza sativa) plants of XFY-12 genotypes in control treatments (a) and 
Si20 treatments (b). The emission intensity of each pixel was normalized using the 
beam intensity as a reference. The figure shows a leaf section (left) and As signals in 
SXRF images (right). Note that high As signals coincided with the veins shown in the 
leaf section. 
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Fig. 5. The relationship between iAs (a) and DMA (b) concentrations in rice straw 
with the concentrations in rice grains of two genotypes. 
 
 
 
 
 
 
 
 
 
 
 
 
